We present a description of evolution of time-resolved 
Introduction
Great advancements in the understanding of human brain function have been made possible by the development of functional neuro-imaging techniques, such as positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) [1] . Recent studies have combined PET and fMRI with functional near infrared spectroscopy (fNIRS), a novel technique that employs diffuse light to probe the brain for changes in oxy-and deoxy-genated hemoglobin (O 2 Hb and HHb, respectively) relating to brain function [2] . Multimodal fNIRS and PET or fMRI studies demonstrated that the oxygenation changes (reflecting the dynamic balance between O 2 supply and O 2 consumption) measured by fNIRS correspond to signal intensity increases detected by fMRI [3] [4] [5] . Recently, correlation was found between fMRI changes and all optical measures, with O 2 Hb providing the best correlation [6] .
fMRI is a non invasive and powerful technique, but it may present some disadvantages, mainly related to its high cost and relative low manageability, to its high sensibility to motion artifacts and to the restricted environment where the subject must be confined during the experiment. In this respect, fNIRS may be an interesting alternative in that it can be used in a natural environment [2] , at patients' bedside, in non-collaborating subjects (e.g., children) [7] , and for the tasks which require an overt motor response by the subjects themselves. In any application, however, some technical limitations must be considered, e.g., spatial resolution is about 0.5 cm, fNIRS parameters can be measured with a penetration depth of about 2 cm from the scalp, and functional tomography and topography systems are still in early stages of development.
Functional human brain mapping by fNIRS measurements is, however, a challenging task [8] [9] [10] [11] [12] [13] . The information on functional mapping comes from small variations of optical properties occurring in a localized area of the brain activated by selective stimuli. To measure these small variations and to localize the activated area both advanced systems for accurate measurements of diffuse reflectance and complex inversion algorithms for retrieving the relevant information are necessary [14] . Systems to track functional changes in human tissues should be portable, with high acquisition frequency (acquisition time less than 1 s), and multi-channel configuration. Since the very first applications of near infrared spectroscopy (NIRS) for functional studies, three basic approaches have been developed, i.e., continuous wave (CW), frequency-domain (FD) and time-resolved (TR). NIRS-CW systems inject constant amplitude light power into a tissue and monitor the amplitude decay of incident light. NIRS-FD systems use amplitude modulated light sources and record amplitude decay and a phase shift of remitted light. Finally, NIRS-TR systems deliver ultra-short laser pulses into a tissue and record the time distribution of diffusive photons. Thanks to relatively low cost, simplicity and overall robustness, NIRS-CW systems have been widely used not only in basic research but also in pre-clinical applications including tissue oximetry and functional brain imaging [15] . More recently also NIRS-FD instrument have been effectively used for cerebral and muscle oximetry [16, 17] .
NIRS-TR systems have significant potential advantages with respect to others. Key advantages are in fact the discrimination between absorption and scattering coefficients (not possible with NIRS-CW technique, and difficult with NIRS-FD), the increased penetration depth and spatial resolution with respect to the other optical techniques, the possibility of quantitative evaluation of contribution of a cerebral tissue by naturally exploiting the information encoded in time.
In this work we focus on a review of our experience in developing and testing NIRS-TR system. Also we anticipate some ideas for next generation set-ups.
Development of multi-channel multi-wavelength NIRS-TR systems
In the last years we have developed several NIRS-TR systems with the aim of satisfying the requirements of high acquisition frequency, portability, and multi-channel availability which are essential for such application.
In a first set-up we used one source and four collection channels (S1-D4) [18] . The system employs two pulsed diode lasers (Mod. PDL 800, PicoQuant GmbH, Germany) at 672 nm and 818 nm. The outputs of the two pulsed diode lasers are coupled together into a multimode graded-index fiber by a fiber optic combiner (Mod. FUSEDIRVIS 50/50, OZ Optics, Canada). Two fibers of different lengths, preceding the coupler, ensure that the pulses at different wavelengths are coupled together without temporally overlapping each other. The remitted light is collected by four 1 mm plastic-glass fiber in reflectance geometry. The timeresolved reflectance curves are detected by a metal-channel dynode PMT (Mod. RS5600U-L16, Hamamatsu, Japan), a 4-channel router (Mod. HRT-41, Becker&Hickl GmbH, Germany) redirects the output signals of the PMT to a time-correlated single-photon counting (TCSPC) board (Mod. SPC-300, Becker&Hickl GmbH, Germany) with acquisition frequency up to 1 MHz and temporal resolution of 25 ps. The typical instrument response function, obtained facing the injection fiber and the collection fiber, has a FWHM of about 200 ps at both wavelengths.
With the aim to increase both injection and collection points, we replaced the 2×1 50%-50% combiner and the 5%-95% splitter with a 2×2 50%-50% splitter (see Fig. 1 ).
Detection was accomplished by a novel device (PML-16, Becker-Hickl, Germany) coupled to a more efficient TCSPC board (SPC630, Becker-Hickl, Germany) with a home made optics to reduce optical cross-talk between the 8-collection fibers [19] .
In a final effort to enhance the capabilities of the set-up we ended to a S9-D12 configuration. By means of a couple of 1×9 fiber optics switches (PiezoJena GmbH, Germany) and a home made multimode graded index fiber optics combiner we in fact increased the injection points to 9 [ Fig. 2(a) ]. An improved optics together with a detection strategy allowed the use of 12-collection fibers [20] .
The S9-D12 set-up suffered from main drawbacks, limited number of channels (mainly due to geometry of the PMT and to the fiber switch), poor sensitivity (limited by quantum efficiency of the PMT, and also by the TCSPC board count rate), dead time (software,…), and overall fragility (mainly the home made fiber coupler). We have therefore recently devised a novel set-up [21] . The key element is a novel four quadrant PMT with large area, high sensitivity and acceptable temporal resolution (approximately 250 ps jitter). In this device, we can locate up to 16 home made fiber bundles with 3 mm diameter and with NA 0.5. During acquisition of the IRF, a thin piece of Teflon® is typically inserted between a source and a detector to equally illuminate all propagation modes in the detection fibers to mimic the isotropic illumination present when measuring biological tissue. This solution is not relevant when using 1-mm fibers for detection instead of fiber bundles. The complete set-up described in Ref. 21 uses four PMTs for a total of 64 maximum allowed channels. A four-element TCSPC board is also used to acquire photons with up to 8 MHz acquisition frequency. The injection section uses a couple of 1×9 fiber switches to produce up to 18 sources [ Fig. 2(b) ].
Apart for the multi-channel (and imaging) capabilities, this system has a very high sensitivity. As an example we report in Fig. 3 the plot of changes in HHb and O 2 Hb during a finger taping experiment. The protocol is 20 s baseline, 20 s finger tapping at natural frequency, 40 s recovery, repeated 9 times. No block averaging is used. The injection and collection fibers were held normally to the skin and at a relative distance of r = 2 cm and placed over the head centred at the C3 point in the left hemisphere. According to neuroimaging studies, C3 point is located over the brain cortex area which controls and process basic motor stimuli [22] . Time-resolved reflectance measurements were simultaneously performed at two wavelengths with an acquisition time of 1 s.
Simultaneous estimate of the reduced scattering coefficient m s ' and of the absorption coefficient m a was achieved by the best fitting of time-resolved reflectance curves with a standard model of diffusion theory [23] . To reduce dispersion of the fitted absorption coefficient values, we also used the methods described by Nomura et al. [24] and known as microscopic Lambert-Beer law. First, for each wavelength l, the reference time-resolved reflectance curve R 0 (r,t,l), at the inter-fiber distance r, is derived by averaging the curves corresponding to an initial resting period (typically 10 s). Fitting of R 0 (r,t,l) yields the reference absorption value m a0 (l). Then Dm a (l), the variation from the reference value, is derived according as
where v is the speed of light in the medium. For the estimation of Dm a (l) from Eq. (1), the fitting range was 70% to 1% both limits in the trailing edge, so as to enhance the contribution of late (deeper) photons rather than early (more superficial) photons [25] . Taking the assumption that oxy-and deoxy-hemoglobin (O 2 Hb and HHb, respectively) are the main chromophores contributing to absorption, their concentrations are easily derived by using the knowledge of the extinction coefficient [26] . Then, total hemoglobin content (tHb = HHb + O 2 Hb) and tissue oxygen saturation (SO 2 = O 2 Hb/tHb) are derived.
In Fig. 3 , as expected, an increase in O 2 Hb and a non-specular decrease in HHb was found during each repetition of the task.
Discussion
We refer the reader to Ref. 27 for a recent review of NIRS-CW and NIRS-FD approaches and for a comparison with time-domain setups. Here, we report a brief discussion on time-domain systems that have been recently developed for fNIRS studies.
The fNIRS imagers developed by the research groups at Physikalisch-Technische Bundesanstalt in Berlin, Germany [28] , and at the Institute of Biocybernetics and Biomedical Engineering in Warsaw, Poland [29] represent the stateof-the-art in the time-domain, together with the S16-D64 system described in Sect. 2. All these systems share the same technologies for laser source, light delivery and light detection and acquisition. Minor differences exist in the number of wavelengths, in the number of channels, and in the optical probes for attachment on the head.
Commercial efforts towards time-domain optical brain imaging and spectroscopy have been undertaken by Opto Hamamatsu Photonics K.K., Japan, with their "TRS-10" system [30] . The parameters of various versions of this system, reported in Refs. 31 and 32, have so far been inferior to those of the above mentioned systems, largely because of much lower average power and/or repetition rate of the picosecond diode lasers, leading to much longer acquisition times. An alternative system based on a mode-locked Ti:Sapphire laser and a time-gated intensified CCD camera is being pursued by a US group [33] . However, this proposed setup is bulky and expensive and generally unsuitable for bedside clinical applications.
Conclusions
The presented systems all are far to be the ultimate set-up for functional NIRS due to limitations in laser source power, temporal resolution, and number of wavelengths. We have started therefore research to investigate alternative scheme. Next generation time-resolved fNIRS set-up will possibly exploit broadband and narrow light source and detection tools with high temporal resolution and extended spectral sensitivity. The first laboratory set-up has been developed [34] and effectively used for a tissue oximetry, based on white-light supercontinuum generated by photonic crystal fibers and on novel multi-channel multi-alkali compact photomultiplier [35] . The very next future will be the use of compact white-light sources [36] and innovative tool for both light delivery [37] and light detection [38] .
